An ever-increasing demand of electricity and the advent of clean renewable energy along with the limitations of conventional sources of energy are the prime driving force for the planners to incorporate distributed generation in electric power systems at the distribution side. The main objective of the Optimal Integration of Distributed Generation (OIDG) in distribution systems is to optimize the operation and planning of such systems. In the last two decades, significant research efforts have been devoted to formulating and solving the OIDG problem in distribution systems. The main aim of this work is to present a review describing the majority of high quality research work pertaining to OIDG in distribution systems. Published by AIP Publishing. https://doi
I. INTRODUCTION
Among the three main parts of power systems which are generation, transmission and distribution, distribution is the most crucial part in terms of its impact on reliability, quality, and cost of electricity. 1 In the last few decades, power systems have observed a major change from having large centralized generation to incorporating additional decentralized sources called Distributed Generation (DG) with relatively limited generating capabilities connected to the distribution systems near the consumers. Consequently, in the emerging electric distribution systems, the significant role of DG can be predicted. 2 Optimal Integration of Distributed Generation (OIDG) in distribution networks has many advantages. It plays a pivotal role in planning and optimization of distribution systems in modern power systems. Many approaches have been adopted to formulate and solve the so-called "OIDG problem" in distribution systems. Therefore, there have been numerous publications in this field.
Furthermore, a quite good number of reviews and surveys have been written about this field. For example, the planning aspect of incorporating DG based on economic, financial, and engineering models has been discussed in Ref. 3 . Reference 4 discusses the possible scenarios where DG integration becomes feasible. In Ref. 5 , a review on distributed generation and its contemporary available technology is presented. The main objective of Ref. 6 is to review drivers, challenges, and opportunities of integrating DG in electrical systems. Multi-objective planning of distributed energy resources is presented in Ref. 7 . A comprehensive survey of optimization techniques used for distributed generator siting and sizing is presented in Ref. 8 . Another a) Author to whom correspondence should be addressed: bouchekara.houssem@gmail.com. Tel.: (þ966)538618478. review is provided in Ref. 9 , where resource allocation is dealt along with scheduling. This combined problem, according to the review article, has been investigated by constraint programming, operation research, or their hybrid combination. In Ref. 10 , effort has been made towards the overview of the relevant aspects related to DG and the impacts that DG might have on the operation of distributed networks. Reference 11 provides an overview of the state of the art models and methods applied to the OIDG problem, analyzing and classifying current and future research trends in this field. In Ref. 12 , a Task Force has focused on the numerous strategies and methods that have been developed in recent years to address DG integration and planning, whereas Ref. 13 contains the comparison of single-and multiple-DG concepts in terms of some objectives like power loss, voltage profile, and line flows under uncertain scenarios. Reference 14 presents a comprehensive review on the optimal allocation of distributed generation by categorizing objectives, constraints, and algorithms. In the analysis, a group of published work has been allocated to each category.
It is worth mentioning that all the above-mentioned reviews and surveys have merits and have treated the subject from different views and angles. So, these are the objective of this paper. The aim of this paper is to investigate a relatively large number of research work devoted to the subject in order to establish a guide for researchers and specialized engineers. This guide will give them an important overview about OIDG modeling and solution approaches which will assist them in their respective fields. Moreover, this review will help researchers to fill up the gap present in this field or orient it towards exploring new subject matters related to this field. This paper is structured as follows. First, the important aspects related to DG are clarified in Sec. II. Then, the problem pertaining to OIDG is detailed in Sec. III. Section IV deals with the optimization approaches used to solve the OIDG problem. The contribution of the reviewed papers is presented in Sec. V, whereas the main challenges faced in OIDG implementation and the future prospects are detailed in Sec. VI. Finally, Sec. VII concludes this paper.
II. DISTRIBUTED GENERATION
A. Definition of DG DG appears under several names, for instance, the term "Dispersed Generation" is preferred in North America, whereas South Americans use the term of "Embedded Generation," while the term "Decentralized Generation" is adopted in some Asian countries and Europe. [15] [16] [17] However, the term "distributed generation" is recommended by many authors. 16, 18 It is reported in Ref. 15 that there are a quite a lot of definitions of DG available in the literature. In the same paper, the authors have summarized the definitions of DG based on the following issues: (1) the purpose, (2) the location, (3) the rating of distributed generation, (4) the power delivery area, (5) the technology, (6) the environmental impact, (7) the mode of operation, 8) the ownership, and (9) the penetration of DG. After critically reviewing all the abovementioned issues and related DG definitions, the authors have suggested a general definition of DG that is "Any source of electric energy of limited capacity that is directly connected to the existing network on the customer site of the meter." This definition has been widely adopted and used by many researchers. 17, [19] [20] [21] [22] [23] [24] [25] In Ref. 16 , some definitions of DG have been tackled and discussed by the authors based on: (1) names, (2) purpose, (3) location, (4) rating, (5) power delivery area, and (6) operational constraints.
B. Benefits of DG
There are several benefits in using DG. These benefits can be classified into three classes; they are technical, economical, and environmental benefits. It is worth mentioning that some benefits can be put into more than one class, i.e., for instance, a benefit can be technical and economical at the same time. More details about these benefits are provided in Refs. 10, 16, 26, and 27.
III. PROBLEM FORMULATION OF OIDG
OIDG can be formulated mathematically as an optimization problem, either as single objective or as multi-objective problem as shown in Fig. 1 .
A. Mono-objective problem
The OIDG can be formulated as a single objective problem as follows:
Minimize f x ð Þ; Subject to g x ð Þ ¼ 0 and h x ð Þ 0;
where f x ð Þ is the objective function, g x ð Þ is the set of equality constraints, h x ð Þ is the set of inequality constraints, and x is the vector of the design variables.
B. Multi-objective problem
The modern power system scenario has brought a modification in duties and objectives practiced in traditional planning. It compels the power system operator to take into account several objectives that have a mutual conflict. The OIDG can be formulated as a multi-objective problem as follows:
where F(x) represents the vector of objective functions and k defines the total number of objective functions. 
C. Objective functions
There are many objective functions that can be considered for OIDG. The most important objectives are detailed in the following subsections (i.e., Secs. I-IV).
Indices related to power and energy losses
Power loss is the most common objective function to formulate the OIDG problem. According to Ref. 28 , the largest percentage of the overall power loss can be attributed to distribution losses that account for about 27% of total losses. However, in Ref. 29 , it has been reported that distribution level power losses contribute to almost 13% of total generation. Therefore, there is a need to reduce these losses.
DGs sometimes have the tendency to decrease the current flow in feeders and consequently contribute to reduce power losses. The amount of losses depends on line resistance (or reactance for reactive power losses) and the amount of current flow. Thus, reduction in line losses can be achieved by either decreasing line current or resistance. Installing DG as the local source of energy causes a reduction in certain parts of the network, which consequently results in reduced line losses. However, it is worth mentioning that in some cases, DG may act adversely, increasing line losses. It primarily depends on the location, size, relative load demand size, hosting capacity, and network topology. 30 In the literature, many different indices based on power (and energy) losses have been reported. A summary of such indices is given in Table I .
Voltage stability
Modern power system operation is highly affected by voltage stability. Voltage stability analysis allows us to determine the threshold point of voltage stability. Various techniques have been used in the literature for measuring the voltage stability of a power system, including the nose curve technique, V-Q sensitivity analysis, and voltage stability indices. These techniques are also conducive in ascertaining critical buses in the network. 60 Among these techniques, methods based on voltage stability indices have emerged as an efficient tool for offline voltage stability analysis. A summary of voltage stability indices used for the OIDG is given in Table II .
Voltage profile
One of the primary objectives of OIDG in distribution systems is to ameliorate the voltage profile of the distribution network. 27 When DG is added to the system, it provides a percentage of the active and reactive power to the load, resulting in the reduction of current along some sections of the distributed line. This will cause enhanced voltage amplitude at the customer site and consequently improve the voltage profile. A summary of indices related to the voltage profile and voltage deviation is given in Table III.
Other indices
Besides the abovementioned indices, there are some other indices for the OIDG problem which are regrouped in Table IV . Figure 2 shows an illustration of different objective functions considered in this paper.
D. Design variables
There are mainly four kinds of design variables for the OIDG problem 11 which are summarized below:
1. Location of DG: The location of DG means the optimal bus (or buses) where the DG has to be integrated. 
where ði; jÞ are two nodes of a branch, B is the set of branches of the distribution system, V i and V j represent the voltage magnitudes of nodes i and j, respectively, and g ij denotes the conductance between node i and node j; Also,
17 and 31-34
2
Active power losses for a distribution system
where R k is the resistance of branches k and I k denotes the current that passes branch k, and n f represents the total number of feeders.
29 and 35-39 3 Active power losses for a distribution system 
where V i and V j are the bus voltage magnitudes of buses i and j, respectively, and P i and Q j represent the total active and reactive power, respectively. r ij is the resistance of the branch between buses i and j as seen from bus i, @ i , and @ j are the phase angle of voltage at buses i and j, respectively, and nb is the total number of buses.
23 and 47-52 7 Distribution system's reactive power loss
Total annual energy loss for 1 hour duration
where E Losses represents the energy losses over one year and P Losses t denotes the active power losses in each step for the duration of 1 h.
9
Distribution system's active power loss
where P gni is the active power output of the DG at bus ni (MW), P dni is the active power demand at bus ni, nn is the total number of buses, V ni represents the voltage of bus ni, V mi is used for the voltage of bus mi, Y ni is the admittance between bus ni and bus mi, and h ni is the phase angle of Y i ¼ Y ni /h ni , and the same notation applies to phase voltage angle; d ni is for bus ni, and d mi for bus mi
55-57 10
Total system real power loss
where P i and Q i are used to represent the active and reactive power flows from bus i to bus i þ 1, respectively, r iþ1 is the resistance of the branch between buses i and i þ 1, V i is the bus voltage at bus i, and nb is the number of buses 20, 58, and 59
2. Number of DG: From the number of DG point of view, there are two possible problems; they are integration of a single and multiple DG integration. 3 . Size of DG: The size of DG can be described as the optimal amount of MW (or MVAr) that has to be integrated. 4. Type of DG: The type of DG refers to the technology of DG, for instance, solar, wind, biomass, and fuel cell.
E. Constraints
The OIDG problem is subjected to various operating constraints that can be categorized into equality and inequality constraints. A summary of constraints used in the OIDG problem is given in Table V .
IV. SOLUTION APPROACHES OF THE OIDG PROBLEM
In the last few years, many solutions were proposed by researchers to address the OIDG problem. The solution algorithms can be broadly categorized into four categories: (1) analytical approaches, (2) numerical approaches, (3) metaheuristic approaches, and (4) hybrid approaches.
A. Analytical approaches
Analytical approaches use mathematical models to represent the system and evaluate it using the direct numerical solution. Some examples are the "2/3 rule" and sensitivity-based methods like the loss sensitivity factor (LSF).
B. Numerical approaches
In these approaches, the OIDG problem is formulated using one of the following formulations: Linear Programming (LP), Non-Linear Programming (NLP), and Mixed Integer NonLinear Programming (MINLP); then, it is solved using classical optimization methods.
C. Metaheuristic approaches
Metaheuristic approaches have become an interesting alternative tool for solving the OIDG problem. In contrast to classical optimization approaches, metaheuristics do not require the 
20, 34, 38, 39, 42, 47, 55-57, 61, and 62
where V m is the magnitude of substation voltage. 
where V i represents the voltage magnitude as usual at bus i, V spec i
is the specified voltage magnitude, and V max i and V min i are the maximum and minimum limits at bus i, respectively.
and 64
The same index is extended to handle different time periods as follows:
where k is the time segment and for one year, Nh equals 8760 h.
Voltage profile index
where V i represents the voltage magnitude as usual at bus i, V rated is the rated voltage (generally taken as 1 p.u.), and nb is the number of busses.
39, 46, 47, and 57
where Ib is the collection of the load buses and V ref ;k is the nominal voltage at load bus k.
42, 43, and 65
5
Voltage profile index (IVD)
where Ø are the phases a, b, and c; V Ø0 are the voltages at the root node, V k Øi are the voltages at bus i for the kth distribution network configuration, and nb is the number of buses.
24 and 45 The same index is expressed in other references by
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where V k;l Øj are the voltages at bus i for the kth distribution network configuration considering the peak hour of day l and ND is the number of days of the analyzed horizon.
where VP w=DG and VP wo=DG are the measures of the voltage profile of the system with and without DG, respectively. VP can be expressed by
where for bus i, the voltage magnitude and corresponding load are represented by V i and L i , respectively. k i is used to denote the weighting factor for load bus i. The total number of load buses is designated by N.
34 and 38
Ratio of maximum node voltage deviation 66
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where V 
where I k is the current passing through line k and n f is the total number of feeders, while n s is the total number of sections in the system. is the magnitude of current in branch i due to the placement of DG in the distribution network, whereas the maximum current carrying capacity is represented by IC i , with i being the branch number. where Is m is the mean line section current after the placement of DGs and shunt capacitor banks (SCBs), Isa s is the line section current after the placement of DGs and SCBs, s is the line section, and L is the total number of line sections.
where S ij is the MVA flow in the line connecting buses i and j, CS ij is the MVA capacity of lines i and j, and NL is the number of lines.
and 43
5 Voltage sag problem
where L DISTi is the load disturbed for the ith fault and N F is the total number of faults within a specified time duration.
32
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where for the kth distribution network configuration, I SC abc k i denotes the three-phase fault current through node i and I SC abc Since the maximum short-circuit current (SCC) variation is evaluated between the scenarios while DG is being connected and disconnected, ISC3 and ISC1 are associated with sensitivity and protection issues ISC is expressed also in Refs. 43 
where C DG is the total cost associated with DGs, PDGi is the size of the ith DG, N DG represents total number of DGs connected. K size symbolizes the cost of DG per kW.
32
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where ðEIÞ i is a weighting factor (0 EI ð Þ i 1 and P Np i¼1 EI ð Þ i ¼ 1) for the ith pollutant. Total pollutants of interest are represented by NP.
For the ith pollutant, PE iwo=DG and PE iw=DG are the representations of the emission amount without and with DG, respectively. Subsequently, they are given by
ðEGÞ Aj ðAEÞ ij þ X H k¼1 ðEDGÞ k ðAEÞ ik ;
ðEGÞ j ðAEÞ ij ;
where ðEGÞ Aj is the electrical energy (in MWh) produced by the corresponding conventional energy source with DG and ðEGÞ j is the representation of the same parameter without DG. Subsequently, ðAEÞ ij is the emission for the jth conventional plant per MWh of energy generated of the ith pollutant, ðAEÞ ik represents the emission for the kth DG power plant per MWh of energy generated of the ith pollutant, ðEDGÞ k accounts for the energy produced (in MWH) by the kth DG plant, and B represents the total number of conventional plants, while H denotes the total number of DG plants. 
D. Hybrid approaches
We refer to hybrid approaches when two or more approaches from the three abovementioned approaches are used simultaneously. For example, an analytical approach like LSF is used to determine the DG location, while a metaheuristic method like PSO is used for the optimal sizing of the DG as in Ref. 85 .
An illustration of the different approaches used to solve the OIDG problem is given in Fig. 3 .
E. Evaluation
Analytical approaches have the benefit of short computing time. But for complex problems, the applicability of such approaches becomes very difficult. Numerical approaches, when applicable, are accurate and need low computational time; however, the formulation of the OIDG problem as an optimization problem to be solved by such methods needs some simplifying assumptions and it is not always evident.
Metaheuristics are very interesting since they are easy to implement and they are applicable for almost any formulation of the OIDG problem without any change in the solving approach. However, these approaches generally need high computational time. Hybrid approaches can combine the advantages of two or more approaches. However, they are not applicable for all problems.
V. CONTRIBUTION OF THE REVIEWED WORKS
Table VI describes in a chronological order the main contribution of reviewed published works related to the OIDG problem. This table is organized as follows:
• The first column gives the year of the published literature.
• The second column shows the reference of the published work.
• The third column contains the objective functions treated in that work.
• The fourth column gives the type of problem solved, i.e., if it is a single objective problem or a multi-objective one.
• Design variables are given in column five. 
where n i ¼ 1; 2; : : : ; n n , P gi is the active power output of the generator at bus n i , Q gi is the reactive power output of the generator at bus n i , Pi is the active power demand at bus n i , Qi is the reactive power demand at bus n i , V i is the voltage of bus n i ; d i is the phase angle of voltage at bus n i , N ¼ n i À 1 is the total number of branches in the given system and NB is the total number of buses in the given system. 
33, 34, and 73
Thermal limit or capacity of feeders or feeder power flow constraint or branch capacity or distribution line capacity limits or line power flow Inequality Power flow through any distribution feeder must comply with the thermal capacity of the line
where S nk represents the apparent power at bus n k , and so, S max nk is used to denote the maximum of it at the same bus Subsequently, the total number of branches has the symbol N, whereas k is used for the branch number that feeds bus n k . The maximum capacity of DGs that can be installed in the network is limited by the maximum penetration level of DG.
The capacity constraint of DG generating power at unity power factor is given by
If DG is generating both active and reactive power, then we can write
where N DG is the number of DG in the system, D pf is the maximum penetration limit as a percentage of peak load of the system, P load is the total active power load of the system, and S load is the total apparent power load of the system. • The used solution approach(s) are given in the sixth column.
• The investigated test system(s) are given in the seventh column.
VI. CHALLENGES AND FUTURE WORKS
The OIDG in the distribution network has provided many technical and environmental benefits. Reduction in power losses and cost, in addition to improvement in the voltage profile, is among the main issues which can be successfully addressed with OIDG. However, integration of DG can pose a serious challenge to the existing operation method and tools. Larger penetration of DGs will affect the existing configuration of the network. The protection settings will then have to be analyzed and modified by taking into account the changes in the system. Similarly, determining the optimum DG values (location and size) in order to optimize a predefined objective function, while meeting various constraints or criteria, might be programmatically infeasible.
Thus, it is important to identify all the possible challenges faced for the OIDG in order to provide an appropriate solution or necessary mitigating actions. The challenges faced can be generally categorized as technical and non-technical issues as illustrated in Fig. 4 . 125 
A. Technical issues
Large penetration of DG is made possible with technological advancement and the increase in demands for renewable energy resources. However, the influx of a huge amount of power and decentralized nature of the DGs may lead to system instability. A significant impact on the voltage profile and reactive power might threaten the secure and reliable operation of the power system. 126 The technical issues can be further classified as per the following:
1. Network's parameter a. Voltage rise. The integration of DG into the LV network will cause the voltage to rise. When the voltage rise exceeds the regulated level or the maximum limit, appropriate voltage control action through regulators or On Load Tap Changer (OLTC) has to be taken. Similarly, the direction of power flow in the network will change with respect to the variation in the voltage magnitude. 127, 128 This will be important in setting the parameters of protection equipment. b. Power quality. Despite providing improvement in most cases, the integration of DG can negatively impact the power quality in the system. Since DG units are not equipped with LFC (load frequency control), the DGs can have a negative impact on the system frequency. 126 The intermittent source of power especially by solar or wind based DGs can cause transient voltage variation. Similarly, inverter based DGs and higher penetration of DGs will introduce harmonics which will increase the THD level in the system. 129 2. System stability a. Reliable supply of power. Reliability of power supply is crucial to the operation of the network. The balance between generation and load is paramount to the security and reliability of the system. Intermittent nature of several types of DGs (solar and wind) can pose a serious problem since the network operator would not be able to plan the amount of generation dispatched in the future in order to meet the load balance. 126 Similarly, excess in generation might be detrimental to the system balance due to limitations in export capacities. This can be seen during periods when wind power penetration is high. In order to mitigate this, the generation for DGs should be curtailed to maintain load generation balance. 130 b. Transient stability. Integration of DG has changed the topology of the overall distribution system. The participation of DG to actively generate power requires the operator to assess the transient stability and long term dynamic stability of the system. Different types of DGs introduce different levels of instability in the system. In order to address this, proper coordination and appropriate control actions have to be taken. 131, 132 It is also imperative to keep an eye on the level of DG penetration. The higher level of DG penetration might affect the system stability. 133 Different factors such as operating point, location of the interconnection, and the control parameters of the DG influence the inter-area stability. It is necessary to carry out thorough and extensive analysis to determine the DG feasible operating point. 
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3. System security a. Islanding. Islanding of the distribution system is an important aspect that needs proper attention. This is a critical issue since the safety of the power system personnel is being put at risk if a proper islanding detection technique is not implemented during outages. 135 However, this denies the customer the benefit of DG integration, which is to supply power during grid power unavailability. 136 This presents an interesting challenge to the grid operator as the proper instance of islanding has to be detected, and subsequently, post-islanding operation has to be carried out before grid resynchronization occurs. Passive, active, or hybrid techniques have to be evaluated before the proper islanding technique is chosen, and the non-detection zone (NDZ) has to be minimal as possible to ensure successful islanding detection. 137 b. Protection. With the growing level of DG penetration, the existing protection scheme has to be reevaluated to take into account the effects of DG integration. The integration of large DG units might have an adverse effect on coordination schemes of the protection equipment in the distribution network. The protection scheme for the distribution system remains a challenging task. This is because adequate infrastructure to monitor and observe the system parameters as installed in the transmission line is not available in the distribution system. As such, it is of paramount importance for system operators to obtain information of various parameters in the network, coordinate the operation of protective relays, and adapt to the distribution network architecture. 138 The different types of DGs (synchronous, induction, or power electronic based) will influence the protection scheme. The protection scheme will have to cater to protect the utility, DGs, and the customer. One of the main considerations in the protection scheme will have to be the anti-islanding aspect. 139 In line with this, dynamic analysis of the distribution network (with DG) is also required to evaluate the performance of the protective system. 140 
Optimization feasibility
OIDG plays an important role in the implementation of the smart distribution network. The different types of DGs, the constraints, and the various objective functions make the optimization task a challenging endeavor. Many different techniques are often used to tackle the OIDG problem. Various objective functions pursed are often subjected to the varying nature of the DG technology. Multi-objective optimization techniques have also been used to find solutions that are able to tackle different objectives simultaneously. 12 However, it remains a challenge as the optimization algorithm has to consider the practical nature of the DG integrated, the constraints in the distribution network, the practical consideration of protection, and other important system parameters. This is important in order for practical implementation to be realized.
B. Non-technical issues
There are several non-technical issues associated with OIDG. This issue contributes significantly towards realizing the implementation of DG in the distribution system. The nature of the issues varies from policy changes to financial means of DG based implementation.
Financial cost
The cost of installing DG units is relatively high. This is because the DG technology per KW installed is higher compared to power plants. The cost of purchasing and installing the equipment is initially high. Network planners have to look into this issue in order to make OIDG financially feasible. 126 Government policy such as feed-in tariff which is aimed to assist the high level of DG penetration should also be considered. 
Scarcity of technically skilled workers
With the implementation DG technology, it is important that knowledgeable workers in this particular area are made available. Companies have to look into the aspect of training the manpower required. 125 The technical and non-technical challenges described here give a general overview on the aspects that the system operator or network planner has to look into before realizing OIDG in the practical environment. The ever-growing technological advancement and the varying nature of the DG present a unique challenge to the conventional structure of the power system. With ODIG, the distribution system no longer can be regarded as a passive structure that consumes power but an active structure that consumes and generates power to the grid.
VII. CONCLUSION
In this paper, the existing research works on the optimal integration of distributed generation (OIDG) problem in distribution systems have been reviewed from the viewpoint of optimization approaches, objective functions, decision variables, and constraints used. Therefore, this paper highlights the different approaches and the latest methods used to formulate and solve the OIDG problem.
